Abstract-Gastrointestinal motility is facilitated by specialized pacemaker cells called Interstitial Cells of Cajal (ICC). ICC play a critical role in coordinating normal motility and its degradation in the gastrointestinal tract is associated with many functional motility disorders. Nonetheless, the degree of degradation and associated clinical impact remains unclear. Continuum modeling frameworks offers a virtual mean to simulate the electrical activity, and analyze the ICC activity in both normal and diseased states. Confocal images of the ICC networks were obtained from the intestine of normal mice. In this study, a new approach is presented where meshes of ICC networks were generated using a Delaunay triangulation and used to solve finite-element based reaction-diffusion equations describing gastrointestinal electrophysiology. The electrical activity was simulated on the ICC network and solutions were compared to those of a regular mesh based on individual pixel locations. The simulation results showed the proposed approach to be approximately 80% more efficient than a pixel-based mesh. The difference in activation time for the entire network between the different methods was observed to be around 4% (about 20 ms). The proposed approach will enable efficient examination of the ICC slow wave activity in larger networks and for longer temporal duration that has been previously impossible. This will provide valuable insights relating ICC degradation to gastrointestinal motility disorders.
I. INTRODUCTION
Gastrointestinal (GI) motility represents the coordinated contraction of the GI tract wall necessary for digestion and transportation of food contents. The motility is coordinated by an underlying omnipresent electrical activity termed slow waves. These are initiated and propagated through networks of the interstitial cells of Cajal (ICC) [1] . Isolated ICC from discrete locations excite spontaneously at different intrinsic frequencies; however, in the intact tissue, all the ICC are entrained to a single dominant frequency in the network [2] . ICC network degradation has been associated with several GI functional motility disorders notably gastroparesis and slow-transit constipation [3] - [5] .
Even though ICC loss and network degradation have been associated with GI health and motility disorders, the mechanism of how the structure of ICC networks relate to the physiology of GI tract is poorly understood and remains an active subject of investigation [1] , [6] , [7] .
Mathematical models are increasingly been shown to be successful and robust for in-silico analysis of tissue electrophysiology [8] . In-silico models offer a virtual medium in which hypothetical physiological conditions can be tested and are an attractive strategy for analyzing the structurefunction relationship of the ICC network [9] .
Recently, slow-wave propagation was simulated on a tissue-specific model containing the two-dimensional microstructure of the myenteric ICC network of both normal and artificially degraded ICC networks [9] . The results showed how degradation in the ICC network impairs the slow wave propagation and ultimately motility and transit. However, this model utilized a computational mesh based on the pixels of two-dimensional bitmap images of the ICC imaging data. Consequently, the mesh was not adaptive and the resulting computations were inefficient. An image pixelbased network of size 0.317 mm by 0.317 mm network took about 2 hrs to solve for an activation time of 400 ms [9] . Future studies, with a focus on simulations over larger network (e.g., organ scale) and with the activation time requirements typically in the order of several seconds, will be intractable with pixel-based network models.
In this study, unstructured triangular mesh models of ICC networks are proposed. The proposed model was compared for efficiency and efficacy to a pixel-based model. A biophysically-based continuum modeling framework was used to simulate ICC pacemaker activity, providing a functional electrical comparison.
II. METHODS

A. ICC network imaging data
Confocal ICC imaging data was obtained from the proximal jejunum of mice using immuno-fluorescence staining procedures as previously described [10] . Unbiased thresholding algorithms were used to segment the images to obtain two-dimensional bitmaps of the network structure [7] . The image segments of the ICC were depth-averaged into twodimensional images representing the entire ICC network structures. This approach was appropriate as the ICC network was relatively thin in the transmural direction (≈ 10 µm) and the majority of the network was planar. The final image was 0.531 × 0.531 mm in size sampled at 1024 × 1024 pixels.
B. Pixel-based simulation model
A regular evenly spaced triangular mesh with each node corresponding to each pixel of the image was generated.
The resulting mesh had 1,048,576 nodes (1024 x 1024) resulting in a spatial resolution of 0.519 µm as shown in Fig. 1A . The model expresses a substantially higher spatial resolution than previous comparable cardiac simulations (300 µm), that have also used a bidomain continuum modeling framework [11] . Each node in the resultant pixel-based mesh represented either an ICC cell or non-ICC cell, based on the pixel attributes.
C. Triangulation-based simulation model
The two-dimensional image was analyzed for isocontours. A finite element triangular unstructured mesh was constructed using a Delaunay triangulation algorithm over the generated isocontours of the segmented images. A two stage mesh refinement was required to obtain a suitable unstructured triangular mesh and to improve the mesh quality by reducing the element skewness as shown in Fig. 1B . A triangle mesh generator tool [https://www.cs.cmu.edu/ quake/triangle.html] was used to build the mesh. Each node in the resulting triangular mesh represented either an ICC cell or non-ICC cell, based on the regional attributes assigned during the segmentation process.
D. Continuum-based modeling and simulation parameters
A bidomain continuum modeling framework was used to model the reaction-diffusion process describing the electrical propagation through the network. The equations relate the transmembrane potentials and extracellular potential in the tissue electrophysiology process. The equations are summarized as in (1) and (2)
where i and e subscripts represent the intracellular and extracellular domains respectively. The σ terms are the conductivities, φ e is the potential, A m is the surface to volume ratio of the membrane, C m is the membrane capacitance and V m is the transmembrane potential. The term I ion represents the cellular activity which provides the active response. A finite-state machine (FSM) based ICC model was used to model the cellular activity [12] , [13] for ICC nodes in the models. The FSM modeled a voltage-dependent entrainment mechanism where the cellular activity of the ICC was divided into two states of Active and P assive, with the transition between them determined by V m , [Ca 2+ ] i and a non-refractory period defining the intrinsic frequency of the pacemaker activity. The non-ICC nodes were represented using a passive cell model with a zero active ionic-current. The slow wave activity was initiated at the region marked in Fig. 2A by setting the t start parameter of the ICC model [12] to 0, and a larger t start value (> simulation duration) at other locations.
The intracellular conductivity parameters were set to 0.0012 and 0.12 mS cm −1 respectively for non-ICC and ICC regions while the extracellular conductivity parameters were set to 0.0002 and 0.02 mS cm −1 . A m and C m were given values of 1000 cm −1 and 2.5 µ F −2 respectively. An ODE time-step of 0.1 ms, diffusion time-step of 1 ms was used for the numerical solution process. These ODE and PDE time-steps were selected based on a convergence analysis to obtain a stable solution to the model. The problem was solved for 2000 ms of simulation time using the CHASTE computational package with a conjugate gradient solver and a block-Jacobi preconditioner [14] .
III. RESULTS
The activation time map of the simulated electrical activity for the two models is shown in Fig. 2C and Fig. 2D . The activity starts at the initiating site and eventually entrains the entire network in approximately 500 ms. The activation maps show that both the simulations followed a similar activation pattern, although the conduction velocity was faster in the triangulated network compared to the regular-pixel based network. The activation time over the entire network was compared to quantify the differences in the activation rate. The average V m was evaluated at each time-step for both simulations and was plotted in Fig. 2B . There is a difference in activation time of 20 ms (4%) for 500 ms of average V m activation, and a conduction velocity difference of approximately 0.11 mm s −1 . A sample V m plot for point P1 (shown in Fig. 2A ) is shown as an inset in Fig. 2B .
The regular pixel-based network had 1,048,576 solution points whereas the triangulated based geometry had only 251,313 solution points. The number of solution points was reduced by approximately 80%. The detailed mesh statistics for the unstructured mesh are shown in Table. I. The simulation time for solving the electrical activity over the pixelbased network and triangulated network was 111 minutes and 18 minutes respectively using 48 cores on NeSI PAN cluster. This represented an 80% increase in computational efficiency.
IV. DISCUSSION ICC network degradation is a key reason for GI functional motility disorders. However, quantifying the relationship between the network and function has been constrained due to limitations in experimental approaches. Modeling studies are better alternative in such cases, however they are computationally intensive. In this study, we presented an efficient triangulation based ICC network model to simulate slow wave activity over an ICC network.
The results show that the proposed method is approximately 80 % more efficient than pixel based approaches and the differences were within an acceptable limit. The differences in smoothness of the activation maps can be attributed to the coarseness of the visualization data points in the two meshes. A regular pixel-based mesh activation map has data points at a higher resolution than the unstructured triangulation based approach. Further, the data values are linearly interpolated spatially in the unstructured mesh.
There was a difference in the activation time of 20 ms between the models. This difference is only 4% of the activation time, and is thought to arise from variations in the mesh characteristics. Convergence analysis usually produces a curve that varies with mesh resolutions. The propagation velocity for a pixel-based mesh is unique to the particular resolution of 0.519 µm for the given conductivity parameters. Conduction velocities computed on a more highly refined unstructured mesh were almost identical to the original unstructured mesh. The differences are believed to have negligent effects when unstructured meshes are used for a particular type of study as the comparisons are considered to be relative.
The resolution required for the simulation presented here is limited by the network geometry and the desire to capture the structure accurately. However, from a convergence perspective the resolution is very high compared to a typical cardiac simulation for both regular pixel-based and triangular mesh based models.
Following this development of modeling technique, the consequences of ICC network degradation with functional outcomes in gastrointestinal smooth muscle behavior can be investigated. This was hindered previously due to computational constraints. The non-ICC tissue in the background was assumed to be passive with no active response to the simulated slow waves, whereas this space is partly occupied by smooth muscle cells. A biophysically based smooth muscle cell model which has recently been proposed [15] , could be applied within this proposed computing framework. The ICC network-geometries considered in the study were a twodimensional representation of a 3D image which was depth averaged given the small depth of the tissue. Future work will extend this method on unstructured tetrahedral meshes on isosurfaces of 3D network geometry. Further, this can be extended on to whole organ level. Although, the boundary conditions were assumed to be no-flux across all edges, this assumption is appropriate the study was focused on developing a framework and analyzing its efficiency, rather than direct correlation with a physiological observation.
In summary, this study provides a framework to efficiently analyze the structure-function relationships in an ICC network using high-performance computing resources.
The method is anticipated to become an important tool for future large ICC network studies and analyzing the effects of network degradation in GI motility disorders.
